Abstract: the epitaxial silicon chemical vapor deposition by SiClq/H2 mixtures in a LPE 861 barrel reactor has been simulated by means of a detailed 2D model solved by the commercial finite element code FIDAP. Different reactor configurations (i.e., bell diameter, gas diffusers, susceptor tilting angle) and deposition conditions (i.e., flow rates and reactor pressure) have been examined. The simulation have been satisfactorily compared with experimental growth rate data measured along the reactor axial coordinate.
INTRODUCTION AND AIMS
The epitaxial deposition of silicon is an essential process of the VLSI technology and it is also becoming important in the fabrication of new MOS devices. Usually, such a deposition is obtained by cold wall CVD reactors operating with silane or chlorosilanes diluted in hydrogen. The reactors operate at nearly atmospheric or at reduced pressure and with temperature ranging about from the 400 K of the external wall to the 1400 K of the susceptor [1, 2] . Such a high temperature gradient affects the system flow dynamics that result in a mixed flow regime (i.e., natural and forced convection) [3] . Previous investigations demonstrated that, in the conditions above, the deposition is under mass transport control and it is strongly influenced by the thermal diffusion effects [3] . Accordingly, the performances of those reactors and, particularly the uniformity of the thickness of the deposited film, are heavily influenced by their flow dynamic regime. Among the different high productivity deposition reactors, it is very interesting to consider the barrel reactor, where a prismatic hot susceptor is contained in a quartz bell-jar externally cooled by air. Usually, the susceptor has a hexagonal or an octagonal base, and it is heated through radio frequency coils or with lamps. The barrel reactors usually are able to process from 12 to 24 wafers at time, depending on the susceptor geometry and loading. Unfortunately, such a high productivity is associated to film thickness uniformity control problems, both within the single wafer and among the wafers. Commercially different reactor configurations exist, being their main differences in the bell-jar shape and in the gas inlet apparatus. As a f i s t approximation, the study of such a reactors can be performed through simplified monodimensional models that describe the reactor flow dynamics by means of relationships based upon the boundary layer theory [4-61. In fact, neglecting the inlet zone, the flow geometry of one barrel side resembles that of a horizontal reactor. Obviously, this similarity have to be corrected considering proper boundary layer relationships to account for susceptor rotation and buoyancy effects [6] . Unfortunately, the level of optimization required by the today microelectronics applications cannot be met with the Previous approach. Accordingly, the barrel reactor optimization and design can be performed only through models where the geometry and the reactor flow dynamics were accounted in detail 131. Considering their geometric complexity only a few modeling atter~~pts were present in the literature. In
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1995530 fact, due to the prismatic shape of the susceptor, the system geometry is intrinsically 3D. Furthermore the gas motion in the inlet zone has a strong influence on the deposition profile [7, 8] . The first 2D mode of a barrel reactor was presented by Fujii et a/. [9] , neglecting the inlet zone and the thermal diffusioi effects. The thermal diffusion effect was included in the 2D analysis by Juza and Cermak [lo] , st,\, neglecting the effect of the inlet zone. A 2D axial-symmetric barrel reactor model for GaAs MOCVD small scale reactor was presented by Dilawari et al. [ I 11 still considering a simplified inlet nozzle. A 30 flow dynamics in a 2D axial-symmetric system was presented by Yang et al. [12] to consider thC asymmetries of the gas inlet apparatus in their system. In most of the above cases [9-111 a comparisor with experimental growth rate data was also presented. In this work, the epitaxial silicon deposition by SiCldjH2 mixtures in a LPE 861 barrel reactor will br analyzed through a detailed model where a 3D flow dynamic is solved in a 2D axial-symmetric geometry. Initially, the model prediction will be compared with experimental growth rate profiles and lately some variation of the reactor operating conditions and configuration will be presented to test their effect on the reactor performances. The role of the gas inlet apparatus on the deposition profile will h particularly addressed. The considered reactor geometry is sketched in Figure 1 , while its geometrical characterisrics are summarized in Table 1 . 
MODELING
The model involved the continuity, the momentum and the energy conservation equations together with the mass conservation equation for the deposition precursor. The equations were derived, in steady-state conditions and under axial symmetry, from those reported by Jensen in [3] . Here, all the three flow velocity components were considered for the momentum conservation equation (i.e., the axial, the radial and the azimuthal ones). The axisymmetric assumption was limited to the reactor geometric representation. In fact, the true hexagonal susceptor base was approximated to a circular one whose diameter was chosen equal to the distance between the two opposite faces. Because the considered system operates in diluted conditions the simpler Fick law for the mass flux was adopted instead that the detailed Stefan-Maxwell equation. Considering the important role of the thermal diffusion effect, such a contribution was included in the expression of the mass flux. Here, a constant thermal diffusion factor was considered, due to the limits of the commercial finite element code adopted for the solution of the model ( a~ = 1.34). Furthermore, the mass transport of the reactants from the bulk gas phase to the deposition surface was assumed to be the rate determining step of the process [3, 6] . Accordingly, the precursor gas phase kinetics was neglected and only the surface reaction SiC14 + H2 u Si(s) + 4 HCI a( chemical equilibrium was considered. On the thermal side of the model, a simplified fournace, with constant susceptor temperature was considered. The external bell-jar temperature value was estimated through the model reported in [6] , whose heat exchange mechanism is represented in Figure 2 . In particular a linear profile was considered in the top part of the bell. while a constant temperature was considered for the cylindrical part of the quartz bell. Furthermore, clue to the low conversion of the reactor, the contribution of the heat of reaction and of the heat generated by viscous dissipation to the energy balance was neglected. The obtained PDE system was solved through the commercial finite elements code FIDAP [13] . The adopted chemico-physical parameter are summarized in Table 2 , being all the values obtained from literature compiIations [4, 14] . 
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RESULTS
A suitable set of experimental data was produced to test the model reliability [6] . The operating conditions of the five experimental runs were summarized in Table 3 . The effects of the bell diameter, of the susceptor tilting and of the carrier flow rate were analyzed. In all cases the inlet gas temperature was 300 K and the operating pressure was atmospheric. The cooling air temperature was measured in correspondence of the inlet and the outlet sections. No significant variations were recorded among the considered five experimental runs and those values were 31 1 K and 410 K. respectively. In all cases. the SuSceptor temperature was set to 1473 K and n o significant temperature differences were revealed along the susceptor. Using n simplified motlel 161 an internal wall temperature of 460 K was estimateti for the cylindrical part of the bell. For these runs, the reactor was equipped with a gas diffusor of cylindrical shape that injects the gases radially. The gas diffusor was constituted by two quartz disks, 8.0 cm in diameter, separated by 1.0 cm. The results of the simulation relative to run 1 are illustrated in Figure 3a , where the calculated streamlines and temperature field are reported. The simulation shows a great cold-core recirculation cell above the susceptor, similar to that presented by the vertical CVD reactors [15] . The recirculation cell is generated not only by the combination of the buoyancy forces and of the susceptor rotation, but also by the radially directed inlet gas velocity. Besides this recirculation cell, part of the gases enter the annular duct still not well heated, generating a phenomena similar to the "cold finger" one, typicaI of the horizontal reactors [3, 16] . The recirculation cell shows almost the inlet precursor concentration, being all the concentration gradients localized in correspondence of the susceptor area holding the wafers, as sketched in Figure 3b . In Figure 3c also the comparison between the calculated and experimental growth rate data measured along the longitudinal wafers midline is reported. Recalling that no adjustable parameters were used, a agreement between the simulation and the experiment is observed. The deviation of the calculations with respect the experiments in correspondence of the final part of the susceptor can be conelated to the constant value of the thermal diffusivity factor here adopted. In fact, the lower part of the susceptor is characterized by the higher value of the temperature gradient in the gas phase. Accordingly, the thermal diffusion effects play they major role in this area. Furthermore, the constant bell temperature adopted in the simultion probably is an approximation to be removed in the future. To test the importance of the gas inlet in these systems, the same simulation was repeated neglecting the presence of the gas diffusor apparatus. As illustrated in Figure 4a , significant differences in the temperature and in the flow fields appear with respect the previous case. The recirculation cell is less marked than in the case illustrated in Figure 3a and shows also a rotation sense contrary to that of the previous case (i.e., counter clockwise instead clockwise). Furthermore a second smaller recirculation cell is evidenced in correspondence of the inlet zone of annular duct. Obviously, this presence can lead in deposition uniformity problems on the f i s t wafer, as can be deducted also by the observation of the concentration vortex located in the same position, as reported in Figure 4b . ( -) and experimental (***) growth rate data along the wafer midline. Calculations performed neglecting the presence of the inlet gas diffusor.
The differences among the two simulations of run 1 are even greater when the comparison between the calculated and the experimental deposition profile is considered. As illustrated by Figure 4c , neglecting the presence of the gas inlet apparatus the calculated values of the growth rate data are off the experimental ones by almost the 100%. The conclusion is that the presence of the gas diffusor apparatus cannot be neglected in these systems. Accordingly, also their shape and location will play a significant role in the reactor design and optimization. The results of the simulations of the remaining runs of Table   3 (id., runs 2-5) are illustrated in Figure 5 , where the comparisons between the calculated and the experimental deposition profile :ire reported. The streamlines. the precursor distribution and thc t~mpernt~11.e field were not reported, hccuuse the!r art: qualitatively si~nilar to those of Figure 3 . besides the change in the reference v:~lues. The effect of the variation of the bell diameter can be discussed by the inspection of Figures 3c, 5a and 5b. Increasing the bell diameter from 0.335 m to 0.340 m, the increase of the free cross section decreases the gas flow rate and then the average growth rate, as expected for a mass transport controlled deposition. Surprisingly, an additional increase of the bell diameter (to 0.353 m) increases the average growth rate. This apparently anomalous behavior is due to the role played by the thermal diffusion. Moreover, the decrease of the fluid velocity is compensated by the reduction of the temperature gradients that. accordingly, increases the mass flux towards the deposition surface. In fact, in these systems, the thermal diffusion has a negative contribution to the mass flux of the precursor towards the hot susceptor [ll] . The effect of the variation of the tilt angle of the susceptor is illustrated by the comparison of the deposition profiles reported in Figures 5a and 5c . A one degree reduction (from 3" to 2 O ) produces an increase of the uniformity of the deposition profile in correspondence of the first wafer. This effect can be correlated to the smoother variation of the gas flow rate along the susceptor. Finally, the effect of the precursor dilution can be observed by the comparison of Figures 5b and 5d . The precursor dilution was here obtained by an increase of the carrier flow rate. A 25% decrease of the average deposition rate is observed (from about 0.8 p d m i n to about 0.6 pm/min) when the precursor concentration is reduced by the 6%. This apparent enhancement of the decrease of the growth rate average value is due to the correspondent average residence time of the precursor within the reactor, due to the increased camer flo\b rate. The runs above demonstrate that an optimization of the tilting of the susceptor and of the gas free cross-secti~n minimize the depletion of the precursor along the flow direction, just as a horizontal reactor.
In conclusion, the simulations show a satisfactory agreement with the experiments in all the cases examined above. Accordingly the model can be adopted to simulate operating conditions not previously examined experimentally, in particular the role of the gas distribution in the inlet zone, not accounted in the previous analysis. Following the Fotiadis et ai.
[IS] analysis on a vertical MOCVD reactor, a reduced pressure deposition was then analyzed. The operation at reduced pressure is expected to improve the deposition uniformity not only for vertical CVD reactors but also for barrel ones [18,19]. Accordingly, run 1 of Table 3 was reconsidered, changing the operating pressure value to 0.3 atm. The results of the simulation are illustrated in Figure 6 . The streamlines reported in Figure 6a seems to be very similar to those of Figure  3a , but it should be noted that the inlet gas velocity was about 11.0 cm/s instead then about 3.0 crnfs. Accordingly, the effect of the buoyancy driven flows is significantly less important with respect to the forced ones. The decrease of the gas density reduces also the temperature gradient in the proximity of the susceptor and the mass transport resistances. Correspondingly, an increase of the average growth rate value was observed. ( -) and experimental (***) growth rate data along the wafer midline.
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Unfortunately, the operative conditions here considered do not enhance the uniformity of the deposition profile as originally expected. In the particular case here considered, the reduced uniformity of the deposition profile can be correlated to the higher concentration gradient along the susceptor longitudinal coordinate with respect to the one of the reference case. Correspondingly, the optimization of the barrel reactors is not trivial. Several simulations have to be performed to find the geomeuy and the operating conditions that increase the uniformity of the deposition profile on susceptors in the half a meter scale.
CONCLUSIONS
A theoretical analysis of the silicon epitaxial deposition in a LPE 861 barrel reactor was presented, where a 3D flow dynamic in a 2D axisymmetric reactor geometry was considered. The model was able to predict the experimental trends without the use of adjustable parameters within the 20%. A lower uniformity of the depostion profile was systematically evidenced by the reported simulations with respect the experimental data. Such a deviation can be related both to the constant values of the thermal diffusion factor and of the wall temperature here adopted. In any case, also with the above limitations, the reliability of the mathematical modeling of such systems was then confirmed. Thus, models can be safely adopted in designing and optimizing these systems. Some cautions, as usual, must be taken when the model is adopted outside the field of verification. In fact, it was developed under mass transport rate determining step regime and then the chemical kinetics did not play any role. That can be misleading in the case where a dopant as arsine is added, whose effect is the blocking of some surface sites and then shifting the rate determining step to be the surface kinetics instead that the mass transport. Some other cautions should be placed to the 2D reduction of the geometry and to the axisymmetric hypothesis. Previous work indicates that even slightly deviation from this condition could have a major effect on the performance of the system.
